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Seed	yield	and	germination	capacity,	during	 two	years	of	 after-ripening,	were	also	determined.	Results	 showed	 that	 leaf	
protein content differed significantly (P < 0.01) between species. It was also significantly (P < 0.01) influenced by the growth 
temperature	and	stage	of	plant	growth.	The	pattern	of	changes	in	the	amounts	of	lysine	and	methionine	was	comparable	to	
that	of	protein	content,	but	A.	thunbergii showed significantly higher amino acid content than the other species. Amaranthus	
leaves also contained significantly (P < 0.01) more lysine than methionine, regardless of the species and growth temperature. 
The phosphorus content of leaves was not significantly affected by temperature and stage of plant development, and there 
were also no significant differences between species. However, the amounts of both calcium and iron changed significantly 
(P < 0.05) with stages of plant development and with increasing temperatures for all species. The antioxidant activity of Ama-
ranthus leaves increased consistently with plant age and there were significant (P < 0.01) differences between stages of plant 
development and growth temperature. Warm temperature regimes were most favourable (P < 0.01) for biomass accumulation 
in all species. Seed production under cool and hot temperatures significantly (P < 0.01) decreased seed germination capacity 




The	 maturity	 stage	 of	 a	 conventional	 vegetable	 is	 universally	
defined, and a crop is normally harvested and consumed at a 
known	stage	of	plant	development,	irrespective	of	environmen-
tal conditions for plant growth. Hence, data on the nutritional 
content	of	conventional	vegetables	can	be	reasonably	associated	
with a specific stage of plant development. Unlike conventional 
vegetables,	there	is	no	documented	information	about	the	stage	
of plant development to define harvest maturity for wild leafy 
vegetables. Hence data on their nutritional value is likely to vary 
widely	(Guarino,	1997;	Jansen	van	Rensburg	et	al.,	2004;	Kruger	
et al., 1998), due to influences of plant age and the environmental 
conditions	during	plant	growth.	
	 Wild	 leafy	vegetables	 are	harvested	by	 rural	 communities	
from crop fields or from the veld at different stages of plant 
growth	(Modi	et	al.,	2006).	It	is	likely	that	for	some	wild	leafy	
vegetables	there	is	a	preferred	stage	of	plant	development	when	
flavour and palatability are favourable for human consumption. 
Food	insecurity	pressures	(e.g.	 lack	of	food	or	vegetables)	and	
other	factors	associated	with	human	preference	(e.g.	age,	gender	
and culture) may also influence the stage of plant development 
when	wild	leafy	vegetables	are	harvested	and	consumed	(Math-
enge,	1997).	It	is	also	likely	that	for	some	wild	leafy	vegetables,	
flavour and palatability are not significantly affected by plant 
phenostage.	For	most	conventional	crops	it	has	been	established	
that	the	effects	of	environmental	conditions	during	plant	growth	
differ	 with	 plant	 age	 (Stahl	 and	 McCree,	 1988),	 and	 manage-
ment	practices	for	these	crops	are	normally	in	congruence	with	
environmental	requirements	at	different	stages	of	plant	growth.	
However, evidence of an interaction between environment and 






1997;	 Jansen	 van	 Rensburg	 et	 al.,	 2004;	 Kruger	 et	 al.,	 1998).	
The	premise	of	this	study	was	a	postulation	that	environmental	
conditions during plant growth and plant age interact to influ-






370 Available on website http://www.wrc.org.za
ISSN 0378-4738 = Water SA Vol. 33 No. 3 (Special Edition) 2007
ISSN 1816-7950 = Water SA (on-line)
Experimental
Seeds	of	Amaranthus	hybridus	var.	cruentus, A. hypochondri-
acus and A. tricolor	were	donated	by	Professor	A.L.P.	Cairns	
from	 the	 Crop	 Science	 Department,	 University	 of	 KwaZulu-
Natal.	 Seeds	 of	 A.	 thunbergii and A. hybridus were	 collected	
from	a	homestead	in	Umbumbulu,	KwaZulu-Natal.	Seeds	were	
sown	in	pots	containing	2.5	kg	loamy	top	soil	of	the	Ntsubane	









respectively. Irrigation was applied manually at 100 mℓ per pot 
per day for the first two weeks and 200 mℓ per pot per day from 
the	third	week	after	sowing	to	~80%	leaf	senescence	to	satisfy	










ing, seeds were harvested manually by cutting inflorescences 
and	 placing	 them	 in	 brown	 paper	 bags.	 Seeds	were	 separated	
from the inflorescences by shaking and rubbing the inflores-
cence.	 Chaff	 was	 removed	 by	 repeated	 sieving	 (2	 mm)	 and	
hand	separation.	To	determine	the	effect	of	temperature	on	seed	
potential	for	crop	establishment,	germination	capacity	of	fresh	
seeds	was	 tested	 (AOSA,	1993).	Subsequent	germination	 tests	
were	performed	every	year	for	two	years	of	dry	storage	in	brown	
paper	bags	at	room	temperature	(after-ripening).	
	 The	 experiment	was	 a	 3x5x3	 completely	 random	 factorial	
design	with	the	factors	being		temperature	(hot,	warm	and	cool),	
Amaranthus	 species	 (Amaranthus	 hybridus,	 A. hybridus var.	
cruentus,	 A. hypochondriacus, A. tricolor	 and	 A.	 thunbergii)	
and	stage	of	plant	development	(20,	40	and	60	DAS).	The	experi-
ment was replicated five times. In addition, there were five repli-
cations of each species for determination of seed yield. Hence, 
there	were	100	pots	in	each	glasshouse,	75	pots	for	continuous	





Total protein content 
Leaf protein content differed significantly (P < 0.01) between 
species,	 with Amaranthus thunbergii	 consistently	 showing	 a	
higher	amount	of	leaf	protein	than	the	other	species,	regardless	
of	plant	age	and	growth	temperature	(Fig.	1).	Leaf	protein	content	
was also significantly (P < 0.01) influenced by the stage of plant 
development	(Fig.	1).	The	protein	content	decreased	as	plant	age	
progressed (Fig. 1). Leaf protein content was also influenced 
by	the	growth	temperature.	At	all	stages	of	plant	development,	




Ryan, 1997). Higher temperatures increase maintenance respi-
ration	at	the	expense	of	growth	respiration	(Covey-Crump	et	al.,	
2007; Penning de Vries et al., 1979). Hence, in the present study, 
higher	leaf	protein	turnover	under	high-temperature	conditions	
than	under	 cool	 conditions	may	have	been	 responsible	 for	 the	
lower	protein	contents	under	higher	temperature	growth	condi-
tions	(Fig.	1).	
Lysine and methionine 
The	pattern	of	changes	in	the	amounts	of	lysine	and	methionine	




(Fig.	2).	 It	 is	 also	evident	 from	Fig.	2	 that	Amaranthus	 leaves	






















































































































Leaf protein content of differ-
ent Amaranthus species grown 
under hot (33/27oC day/night), 
warm (27/21oC day/night) and 
cool (21/15oC day/night) con-
ditions and harvested at 20, 
40, and 60 days after sowing 
(DAS), respectively.
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it	was	 shown	 that	 the	 lysine	 content	of	 leaf	material	 is	gener-
ally	higher	 than	 that	of	methionine.	From	the	human	and	ani-
mal nutrition perspective, the significance of the findings about 
lysine and methionine (Fig. 2) is that cereal grains are deficient 
in lysine (and tryptophan) and legumes are deficient in methio-
nine	 (and	 cysteine)	 (Altenbach	 and	 Simpson,	 1990).	 Animal	
nutritionists have provided specific data on the most important 




methionine.	 When	 maize	 and	 legume	 grains	 (soybean	 in	 par-





with	 lysine	 and	 methionine	 produced	 through	 fermentation.	
This	complexity	provides	economic	incentives	 to	add	value	 to	
grains	by	increasing	the	content	of	limiting	amino	acids.
	 In	 less	 developed	 countries	 and	 resource-poor	 communi-
ties,	dependence	on	particular	staple	crops	(e.g.	maize	in	South	
Africa)	 for	 a	 large	 part	 of	 the	 diet	 means	 that	 humans	 could	
directly benefit from food grains that are rich in limiting amino 
acids	 such	 as	 lysine	 and	 methionine.	 Although	 this	 study	 did	
not	 show	 the	amount	of	amino	acids	 in	Amaranthus	grains,	 it	
has	been	reported	that	grain	Amaranthus	contains	high	levels	of	
lysine	than	other	cereal	grains	(Stallknecht	and	Schulz-Shaeffer,	
1991). Two of the five species reported in the present study, A. 
hybridus var.	cruentus,	and	A. hypochondriacus	are	grain	ama-
ranths	that	can	also	be	produced	as	leafy	vegetables	(Teutonico	
and	Knorr,	 1985).	 It	 has	 been	 reported	 that	when	 grain	 Ama-
ranthus flour is mixed (30:70) with rice, maize or wheat flour, 
the	protein	quality	(based	on	casein)	rises	from	72	to	90,	58	to	
81,	and	32	to	52,	respectively	(Bressani,	1989).	From	the	results	
of	 this	 study	 (Fig.	 2)	 it	 can	 be	 suggested	 that	 using	 Amaran-




The	 phosphorus	 concentration	 in	 Amaranthus	 leaves	 was	 not	
significantly affected by temperature and stage of plant devel-
opment, and there were also no significant differences between 
species (data not shown). However, the concentrations of both 
calcium and iron differed significantly (P < 0.05) with plant age 
and	with	increasing	temperature	for	all	species	(Table	1).		The	
calcium	concentration	in	Amaranthus leaves increased signifi-
cantly	with	plant	age	from	20	DAS	to	60	DAS	(Table	1).	The	iron	
concentration increased significantly (P < 0.05) only between 
20	DAS	and	40	DAS,	while	the	difference	between	40	DAS	and	
60 DAS was not significant (Table 1). For both calcium and iron 
these	 trends	 according	 to	plant	 age	were	 found	 at	 each	of	 the	
three	growth	temperature	regimes	(Table	1).	







results	 shown	 in	 Table	 1	 suggest	 that	 more	 calcium	 and	 iron	
would	be	 found	 in	 the	 leaves	of	 older	Amaranthus	 plants	 that	
grow	 under	 warm	 to	 hot	 conditions	 than	 those	 which	 grown	
under cool conditions. However, the low palatability and digest-
ibility	of	older	leaves	may	not	favour	large	amounts	of	Amaran-
thus leaf	 intake.	 It	 is	also	 likely	 that	older	 leaves	may	contain	


















































































































20DAS Met 20DAS Lys
40DAS Met 40DAS Lys
60DAS Met 60DAS Lys
Figure 2
Amino acid (Met and Lys) content in the leaves of different Amaranthus species grown under hot (33/27oC day/
night), warm (27/21oC day/night) and cool (21/15oC day/night) conditions and harvested at 20, 40, and 60 days 
after sowing (DAS), respectively.
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nutrient	bio-availability	to	humans	and	animals	(Ross	and	Gra-
ham,	1999).	For	example:	Fincham	et	al.	 (1986)	found	that	 the	
maize	 and	groundnut	 diet	 of	 the	 local	 population	 in	 the	Mse-
leni	area	of	Maputoland	in	northern	KwaZulu-Natal	is	severely	
deficient in calcium, but that the “wild spinach” (Amaranthus),	
which	is	another	important	dietary	item	in	the	area,	has	a	high	
calcium	content.	They	point	out	that	the	latter	is,	however,	also	




tional	 to	 the	 atmospheric	 demand	 for	 water	 (Salisbury	 and	
Ross, 1992). High temperatures are likely to have decreased 
the	moisture	content	of	the	air	in	the	glasshouse,	thus	increas-
ing	 evapotranspiration.	 Under	 these	 conditions,	 it	 would	 be	
expected	that	the	amount	of	water	absorbed	should	be	lowest	
under	 cool	 temperatures	 and	 highest	 under	 warm	 tempera-
tures.	Since	nutrient	absorption	from	the	soil	solution	occurs	
concomitantly	with	water	absorption,	it	is	not	surprising	that	




stomatal	 conductance	 under	 such	 conditions	 (Olavi	 et	 al.,	
2002).
Inhibition of linoleic acid oxidation
The	antioxidant	activity	of	Amaranthus	leaves,	as	determined	
by	inhibition	of	linoleic	acid	oxidation,	increased	consistently	
with plant age (Fig. 3) and there were significant (P < 0.01) 
differences	between	stages	of	plant	development.	Regardless	
of the species, there were no significant differences between 
20	DAS	 and	 40	DAS	under	 cool	 and	warm	 conditions,	 but	
under hot conditions there were significant differences (P < 
0.05)	 between	 all	 stages	 of	 plant	 development	 (Fig.	 3).	The	
antioxidant activity also increased significantly (P < 0.01) in 
response	to	an	increase	in	growth	temperature	from	cool	 to	
warm,	but	 it	declined	 to	 levels	even	 lower	 than	 those	found	
under	cool	conditions	in	response	to	hot	conditions	(Fig.	3).	
There was a significant (P < 0.05) interaction between plant 






to	hot,	 the	differences	shown	by	A. thunbergii	 for	 the	same	
stages	 (20	DAS,	40	DAS	and	60	DAS)	were	36%,	27%	and	
28%,	respectively.	Therefore,	it	can	be	suggested	that	the	gain	
in	 antioxidant	 activity	 of	 Amaranthus	 leaves	 due	 to	 warm	
growth	 temperatures	will	be	positive,	but	 its	 extent	may	be	





	 The	general	 pattern	 of	 changes	 in	 antioxidant	 activity	 in	
response	to	plant	age	and	temperature	was	the	same	for	all	spe-
cies, but there were significant (P < 0.05) differences between 
species	 (Fig.	 3).	 Across	 all	 temperatures	 and	 stages	 of	 plant	
development,	 A. thunbergii displayed the highest (P < 0.05) 
levels	of	antioxidant	activity	compared	with	the	other	species	
(Fig. 3). However, there was no clear ranking of the other four 
species,	behind	A. thunbergii, because of the significant (P < 
0.01)	 stage	X	 temperature	 interaction.	An	 attempt	 to	 associ-
ate	 the	 antioxidant	 activity	 of	 the	 species	 with	 agronomic	
use,	which	 is	grain	amaranth	(A. hybridus var.	cruentus,	and	
TABLE 1
Calcium and iron content in the leaves of different Amaranthus species grown under hot (33/27oC day/night),
warm (27/21oC day/night) and cool (21/15oC day/night) conditions and harvested at 20, 40, and 60 days after 
sowing (DAS), respectively. Values in parentheses are standard errors of the mean (± s.e.).
Temperature Species Days after sowing
20 40 60
Calcium Iron Calcium Iron Calcium Iron
mg 100g dry mass-1
Hot A. hybridus 42	(±1.5) 75	±3.6) 53	(±2.2) 90	(±3.8) 58	±2.1) 99	(±2.9)
A. hybridus var. cruentus 42	(±1.7) 45	(±2.1) 50	(±2.0) 60	(±2.5) 54	(±2.1) 65	(±3.1)
A. hypochondriacus 62	(±2.1) 28	(±1.8) 71	(±2.2) 35	(±1.5) 75	(±3.1) 38	(±2.2)
A. tricolor 55	(±2.3) 16	(±1.2) 63	(±2.4) 20	(±1.8) 68	(±1.5) 28	(±2.3)
A. thunbergii 52	(±2.2) 60	(±2.2) 61	±	(2.3) 75	(±3.7) 66	(±2.6) 89	(±2.8)
Mean (± s.e.) 51(3.8) 45 (10.6) 60 (3.7) 56 (12.8) 64 (3.7) 64 (13.9)
Warm A. hybridus 40	(±1.8) 70	(±3.5) 48	(±2.4) 89	(±3.1) 54	(±3.1) 93	(±2.4)
A. hybridus var. cruentus 39	(±2.0) 40	(±2.5) 46	(±2.8) 58	(±2.1) 50	(±2.5) 62	(±2.0)
A. hypochondriacus 58	(±1.7) 25	(±1.8) 66	(±3.3) 31	(±1.8) 70	(±3.1) 34	(±2.1)
A. tricolor 51	(±2.1) 14	(±2.6) 60	(±2.2) 18	(±1.4) 63	(±2.1) 22	(±1.8)
A. thunbergii 48	(±1.4) 55	(±2.3) 56	(±2.4) 80	(±3.6) 60	(2.3) 84	(2.2)
Mean (± s.e.) 47 (3.6) 41 (10.1) 55 (3.7) 55 (13.7) 59 (3.5) 59 (13.8)
Cool A. hybridus 31	(±1.2) 65	(±3.1) 40	(±2.1) 84	(±1.8) 44	(±2.4) 86	(±1.6)
A. hybridus var. cruentus 32	(±2.1) 34	(±1.9) 41	(±1.9) 54	(±2.3) 45	(±2.6) 58	(±2.2)
A. hypochondriacus 47	±	(2.4) 21	(±1.4) 57	(±2.1) 28	(±1.3) 61	(±1.9) 32	(±2.0)
A. tricolor 42	(±2.5) 13	(±1.1) 53	(±2.0) 17	(±1.4) 56	(1.7) 20	(1.2)
A. thunbergii 38	(±2.6) 50	(±2.5) 46	(±2.5) 76	(±2.0) 51	(±1.3) 79	(±1.7)
Mean (± s.e.) 38(3.0) 37 (9.5) 47 (3.3) 52 (13.1) 51 (3.2) 55 (12.9)
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A. hypochondriacus)	 and	vegetable	 amaranth	 (the	 rest	of	 the	
species),	was	not	successful	either.	Notable	was	 that	 the	spe-
cies	 for	which	 seeds	were	 sourced	 from	 the	KZN	 rural	 area	
(A. thurnbergii	 and	 A. hybridus)	 showed	 greater	 antioxidant	
activity, albeit not consistently significant across temperatures 
and	 stages	 of	 development,	 than	 the	 species	 for	which	 seeds	
were	originally	imported	(A. tricolour, A. hybridus var.	cruen-













Biomass and seed production
Warm temperature conditions were most favourable (P < 0.01) 
for	biomass	accumulation	in	all	species	(Fig.	4).	Cool	tempera-
tures	were	associated	with	slow	biomass	accumulation	(Fig.	4).	
Hot temperatures were initially (20 DAS) comparable to the 
warm	conditions,	with	respect	to	biomass	accumulation,	but	by	
40 DAS there was a significant negative effect of hot tempera-
tures	on	plant	growth	(Fig.	4).	
	 All	 species	 displayed	 an	 increase	 in	 seed	 production	 in	
response	 to	 warm	 temperatures,	 but	 hot	 temperatures	 caused	






conditions,	 respectively)	 seeds	 than	 A. hybridus var.	 cruentus 
(Fig.	 5).	 The	 yield	 response	 to	 growth	 temperatures	 may	 be	


























































































































































































































































tion at different days 
after sowing (DAS) 
in Amaranthus spe-
cies grown under hot 
(33/27oC day/night), 
warm (27/21oC 





Inhibition of linoleic 
acid oxidation by boiled 
extracts from leaves of 
different Amaranthus 
species grown under 
hot (33/27oC day/night), 
warm (27/21oC day/
night) and cool (21/15oC 
day/night) conditions 
and harvested at 20, 
40, and 60 days after 
sowing (DAS), respec-
tively.
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and	temperature.	Low	temperatures	are	known	to	have	a	more	




to the seeds. High temperatures during seed development have 
been	 shown	 to	 cause	 poor	 seed	 production	 (Wardlaw	 et	 al.,	
1989).
 Seed production under cool and hot temperatures signifi-
cantly (P < 0.01) decreased seed germination capacity for all 
species,	but	germination	improved	in	response	to		after-ripening	
for	one	or	 two	years	(Fig.	5),	depending	on	the	species.	There	
were significant differences (P < 0.05) between species with 
respect	to	germination	capacity.	A. thunbergii,	showed	the	low-
est	germination	capacity	in	response	to	all	growth	temperatures,	
and	 it	 responded	 the	 poorest	 to	 the	 dormancy-breaking	 after-
ripening.	The	grain	amaranths	(A. hybridus var.	cruentus,	and	
A. hypochondriacus) had a significantly better germination 
capacity	and	responded	quickly	to	after-ripening	compared	with	
the	vegetable	amaranths	(Fig.	5).
	 The	 effects	 of	 growth	 temperature	 on	 seed	 germination	
observed	 in	 this	 study	 have	 implications	 for	 the	 potential	 of	
Amaranthus seeds	for	crop	establishment	and	germ-plasm	pres-
ervation.	It	is	clear	from	Fig.	6	that	fresh	Amaranthus seeds	have	
a	 low	 potential	 for	 crop	 establishment,	 because	 of	 dormancy.	
That	 dormancy	 may	 be	 exacerbated	 by	 cool	 and	 hot	 growing	
conditions,	but	the	dormancy	associated	with	cool	temperatures	
was	broken	 easily	 by	 after-ripening	 compared	with	dormancy	
due	 to	 hot	 temperatures	 (Fig.	 6).	 Therefore,	 seeds	 produced	
under	hot	environmental	conditions	may	have	poor	quality	for	
long	term	storage	(germ-plasm	preservation),	and	the	poor	ger-
mination	of	 those	 seeds	may	cause	 loss	of	germ-plasm	due	 to	
poor	stand	establishment.
Conclusion
This	 study	 showed	 that	 the	 nutritional	 value	 of	 Amaranthus	




However, mineral nutrients, calcium and iron increased in the 

















































































































































































































































Seed yield of different Ama-
ranthus species grown under 
hot (33/27oC day/night), warm 
(27/21oC day/night) and cool 
(21/15oC day/night) conditions, 
respectively.
Figure 6
Seed germination capacity 
of different Amaranthus 
species tested immediately 
after harvest maturity (fresh 
seed) or after one (Year 1) or 
two (Year 2) years of after- 
ripening. Seeds were  
harvested from plants grown 
under hot (33/27oC day/night), 
warm (27/21oC day/night) 
and cool (21/15oC day/night) 
conditions, respectively. 
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also found to have a significant effect on the health quality of 
Amaranthus	 leaves,	 the	 potential	 for	 antioxidant	 activity.	 It	 is	
recommended that for greater nutritional benefit, Amaranthus	
should	be	grown	under	warm	conditions	and	that	leaves	should	
preferably	 be	 harvested	 at	 young	 growth	 stages	 (20	 d	 after	
sowing).	 Warm	 temperatures	 are	 associated	 with	 high	 yield	
and	 improved	 germination	 capacity.	 The	 indigenous	 species,	
A. thunbergii,	was	 found	 to	contain	 the	highest	 levels	of	 total	
protein,	 amino	 acids	 (lysine	 and	 methionine)	 and	 antioxidant	
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